Introduction
A chiral material is one which lacks reflectionnal symmetry, i.e. it has a non-superimposable mirror image structure. These compounds are characterized by an asymmetric, tetrahedral carbon atom located at the center of the molecule. Enantiomers are the most common type of chiral compounds 1 and are two chemically identical molecular species which differ from each other as non-superimposable mirror images. The R, S system is a general system used to specify configuration at an asymmetric carbon atom. R and S configuration of chirally pure enantiomers of 2-bromobutane is shown in Fig. 1 . The specific distinguishing physical property of enantiomers is the rotation of plane polarized light. If the rotation is to the right clockwise the substance is dextrorotatory or d ; if the rotation is to the left counterclockwise it is levorotatory or l . When these enantiomers are present in equimolar amounts within a mixture, the resultant mixture is termed racemic. These preparations are optically inactive, because the net rotation of plane-polarized light is counterbalanced by equal concentrations of each enantiomer.
The production of enantiomerically pure compounds is most important in the pharmaceutical industry, where approximately 80 of the drugs currently under development are chiral. Lipases are biocatalysts most widely used in the synthesis of enantiomerically pure compounds. The attractive feature of lipases is that, in addition to high catalytic activity and thermostability in organic solvents, lipases show high enantioselectivity and broad substrate specificity simultaneously 2, 3 . Recently, Candida rugosa lipase was used for the chemoenzymatic kinetic resolution of R -malathion in aqueous media and Candida antartica lipase B was used for the chemoenzymatic synthesis of proxyphylline enantiomers 4, 5 . Lipases are uniquely suitable for this purpose of resolution, as the active centre of these enzymes constitutes a distinctive environment, which is capable of distinguishing between the enantiomers 6 .
Generally, enantiomerically pure compounds can be produced by one of two methods. The first method is by a process referred to as resolution. In this process the two enantiomers of a racemic mixture are separated. Lipase enzymes are mostly used for the resolution of racemic mixture. Candida antarctica lipase has been used for the highly enantioselective synthesis of R -and S -E -4-hydroxynon-2-enal with excellent optical purity 97.5 and 98.4 ee, respectively and good chemical yields 70 7 .
In an another study, Candida antarctica and Novozyme 435 was used for the kinetic resolution and determination of the absolute configuration of enantiomers of 3-hydroxy-2-methylenebutanenitrile 8 . The second method is by asymmetric synthesis. In this process, only one of the two possible enantiomers of the desired compound is produced. The use of asymmetric synthesis has increased over the last few decades, but resolutions are still the most heavily used methods for the production of enantiomerically pure compounds industrially. Diastereoisomers are non-mirror image stereoisomers that have more than one asymmetric center. Unlike enantiomers, diastereoisomers may be individually isolated because they have different physical as well as chemical properties, such as epimerization and solubility 9 . Enantiomers may be transformed into diastereoisomers by either covalent or non-covalent coupling of the enantiomers of a racemic mixture to another chiral molecule having at least one asymmetric center. The lipase enzymes can interact differently with enantiomers which are non-superimposable mirror images. This allows the kinetic resolution of the enantiomers of a racemate based on their different reactivities. Kinetic resolution of racemic compounds is by far the most common transformation catalyzed by lipases, in which the enzyme discriminates between the two enantiomers of racemic mixture, so that one enantiomer is readily transferred to the product faster than the other 10 .
Biocatalysis is an important methodology for the synthesis of enantiomerically pure compounds 11 13 . Lipases are frequently used for the transformation of organic compounds because of their stereo-selectivities which can satisfy the growing demand for obtaining optically active compounds 14, 15 . Although acylglycerols are the natural substrates of lipases, they can also catalyze the hydrolysis of a wide range of artificial water-insoluble esters with a high degree of enantio-specificity. The microbial enzymes are attractive alternatives to expensive and mostly ecologically harmful chemical methods in food and dairy, detergent, pharmaceutical, cosmetic and textile industries 16 .
Lipases are also able to catalyze the processes of esterification, interesterification, acylation, transesterification, acidolysis and aminolysis and show enantioselective properties 17 . Chemoselective acylation of hydroxyalkyl phenols has recently been catalyzed by Candida antarctica lipase B 18 .
Immobilized enzymes are used in many commercialized products for higher yields. Immobilization of lipases decreases cost of production by their reusability, which is necessary to make them more attractive and potent for industrial applications 19 . They act at the organic-aqueous interface, catalyzing the hydrolysis of ester bonds and releasing fatty acids and organic alcohols 22 25 . The lipases in water restricted environment can lead to reverse reaction esterification or even various transesterification reactions 26, 27 . The two main categories in which lipase-catalyzed reactions may be classified are as given in Fig. 2 . The term transesterification refers to the exchange of groups between an ester and an acid acidolysis , between an ester and an alcohol alcoholysis or between two esters interesterification . Their ability to catalyze these reactions with great efficiency, stability and versatility makes Synthesis of chirally pure enantiomers by lipase these enzymes highly attractive from a commercial point of view. The last three reactions are often grouped together into a single term, viz., trans-esterification. Lipases occur widely in microorganisms and in higher eukaryotes. Microbial lipases have increasing importance in industrial application 28 . They are receiving much attention with the rapid development of enzyme technology 17 . In addition to hydrolysis of fats and oils, lipase enzymes are also capable of catalyzing the esterification reactions and transesterification reactions in the organic solvent or near anhydrous condition. In ionic liquids lipase catalyzed transesterifications proceeded with markedly enhanced enantioselectivity. It is observed that lipases are upto 25 times more enantioselective in ionic liquids than in conventional organic solvents. Microbial enzymes are more stable than their corresponding plant and animal enzymes and their production is more convenient and safer 28 . The enzymes produced from microorganisms are most important because of their small generation time, high yield of product and their potential applications in various industries such as food, dairy, pharmaceuticals 29 , detergents, textile, bio-diesel 30 , cosmetic industry, synthesis of fine chemicals, new polymeric materials and agrochemicals. Lipase is used for the synthesis of biodiesel through a process called transesterification, which is better than chemical catalysts because of the high efficiency and selectivity, ease of glycerol removal, biodiesel purification, toleration of water into oil, low energy consumption reaction requires mild conditions and low waste amounts 31 .
Lipases are found widely in plants, animals, and microorganisms. Lipase-catalyzed reactions have received much attention in recent years for their increasingly biotechnological applications. The various industrial applications of microbial lipases are given in Table 1 32 .
Lipases are currently used as biocatalyst for the modification of existing lipids, to synthesize new lipid, such as structured triacylglycerides. In a recent study, thermoalkaliphilic lipase from Geobacillus thermoleovorans DA2 had the best degreasing agent by lowering the total lipid content to 2.6 as compared to kerosene 7.5 33 . The applications of lipases have increased impressively in recent years. The main application of lipases is in the enantioselective synthesis of precursors of pharmaceutically active compounds and the conversion of natural fats and 40 . Immobilization of lipases decreases cost of production by their reusability, which is necessary to make them more attractive and potent for industrial applications 19 . The immobilization methods make the enzymatic enantiomers production better than the chemical processes. The immobilized lipase increases the chances of re-usability due to the solid particles which can be removed easily from the mixture and can be reused in future 41 . Recently, immobilized Rhizopus oryzae NRRL 3562 lipase was used for the synthesis of methyl butyrate and octyl acetate and after five and six cycles it retained the relative activity of more than 95 for these compounds 42 .
Candida antarctica lipase B CALB 43 has been widely used biocatalyst in organic synthesis because it exhibited high activity and stability under both aqueous and nonaqueous conditions 44 and had a very broad range of substrate specificities 45 . In many studies, Candida antarctica lipase B has been used to catalyze synthetic reactions of esters 46, 47 , for example, flavor and fragrance compounds 48 and biodiesel 49 . Also, Candida antartica lipase B is a very effective catalyst for the production of amines and amides using different enzymatic procedures. The commercial availability and recycling possibility make CALB lipase as an ideal tool for the synthesis and resolution of wide range of nitrogenated compounds that can be used in industrial sector 50, 51 . The primary factor limiting the industrial use of CALB has most likely been the relatively expensive enzymes for immobilization. To produce the convenient CALB at a low price, a whole-cell biocatalyst of CALB 52 was prepared by displaying CALB on a yeast cell surface using α-agglutinin as the anchor protein 53 . Recently, lipase from
Candida antartica, Thermomyces lanuginosus and Rhizomucor meihei chemically aminated to improve their immobilization on octyl-glyoxyl agarose beads 54 . CALB was immobilized on the yeast cell surface, and stabilized by cell wall components 55 .
Lipolytic enzymes are currently attracting an enormous attention because of their biotechnological potential 56 .
Novel biotechnological applications have been successfully established using lipases for the synthesis of biopolymers and biodiesel, the production of enantiopure pharmaceuticals, agro-chemicals, and flavour compounds 57 . The chemo-, regio-and enantio-specific behavior of lipase enzymes caused tremendous interest among scientists and industrialists 16 . Lipases isolated from different sources have a wide range of properties depending on their sources with respect to positional specificity, fatty acid specificity, pH optimum, thermostability, etc. 58 .
2.1 Synthesis of enantiomers by using lipases extracted from different sources Various studies have been carried out for the synthesis of chirally pure enantiomers using lipases extracted from different sources. These have been summarized in Table 2 .
Sources of pure enantiomers
The three major sources of enatiomerically pure compounds are chiral pool, asymmetric synthesis and resolution methods. Out of all these, kinetic resolution and asymmetric synthesis is most potent and important method for enantiomers synthesis.
Chiral pool
Chiral pool refers to enantiomerically pure compounds which can be obtained from natural sources. These include natural amino acids, carbohydrates, terpenes, and alkaloids. Compounds from a chiral pool can be transformed into a synthetic product either with retention or inversion of configuration. Many compounds containing the chiral amino functionality are obtained from the chiral pool. Cinchona alkaloids such as quinine which have various uses in asymmetric synthesis are isolated from the bark of the cinchona tree 59 . These compounds are also potent antimalarial agents 60 . Another example is the β-lactam antibiotics such as penicillin G which are obtained from microbial fermentation 61 .
Asymmetric synthesis
Asymmetric synthesis is referred as enantioselective conversion of a prochiral substrate to an optical active product using a chiral addend via asymmetric step. Lipases are frequently used as an asymmetric catalyst for the preparation of enantiomerically pure organic compounds 62 .
Asymmetric methods for the preparation of chiral amines have recently been reviewed 63, 64 . They are mainly involving 1, 2-addition of nucleophiles to a C N bond of imines. Asymmetry could also be induced via external chiral ligand intergrated in a chiral catalyst 65 . Candida antarctica B lipase displayed esterification of aliphatic secondary rac-alcohols producing good enantiomeric purities to acetates 88.7-97.7 ee and alcohols 42.8-85.5 ee 66 . RMelonol has been synthesized by asymmetric synthesis method 67 . Melonol is a constituent of essential oils 68 and melon fruit. For easy product separation and high productivity, lipase-catalyzed asymmetric hydrolysis is considered to be better for the practical resolution of racemic acid 69 .
Enzymatic Kinetic Resolution
In enzymatic kinetic resolution the two enantiomers of the racemate are converted into another compound. In low-water media, lipases catalyze esterification, transesterification, and interesterification. These transformations can be employed for the kinetic resolution of different chiral compounds 70 72 . Various efforts have been made to use racemic profens 2-arylpropionic acids or their ester derivatives as the substrate in hydrolysis 73 76 , enantioselective esterification 77 81 , or transesterification 82, 83 in order to produce the desired S -profens and their S -esters by employing lipases as the biocatalyst in the presence of organic solvents. Due to the inherent selectivity of the enzyme s active site, reactive discrimination occurs between the enantiomers in the racemic mixture. Generally one enantiomer fits better on the active site and is therefore converted to its corresponding ester at a higher rate. The production of S -ibuprofen and S -naproxen by enzymatic hydrolysis of these racemic esters has been researched using Candida cylindracea rugosa lipase 73, 74, 84, 85 .
A continuous process has been described for the enantiospecific hydrolysis of the ethoxyethyl ester of naproxen using a column packed with Candida cylindracea immobilized on an ion exchange resin 86 . Another method for producing enantiomerically pure ibuprofen is selective enzymatic esterification using lipases. In a previous study, immobilized lipase from Rhizomucor miehei was used with iso-octane as solvent and butanol as etherification agent and reported high ester yields 49.9 and enantiomeric excess 93.8 of ibuprofen 78 . The stability of enzyme action up to 100 h as well as the low cost and simple scale-up of the system makes this process an alternative option for highly stereoselective esterification in organic 84, 87, 88 . Nature of the solvent and its water content are of paramount importance in organic media which are not found in aqueous media. The effect of these parameters on the rates of enzymatic reactions as well as on the thermodynamic equilibrium has been studied 73, 74, 89, 90 . Different methods have been developed to improve the stereoselectivity of enzyme-catalyzed resolutions.
The various immobilization methods and supports have been used for the covalent bonding of lipase from Candida antarctica 74, 89 . Coupling lipase reactions with a supported liquid membrane based on ionic liquids showed facilitative and selective permeation of S -ibuprofen through the supported liquid membrane, indicating successful optical resolution of a racemic mixture using the enzyme-facilitative supported liquid membrane 91 . To prepare a pure product, one needs to obtain a very high enzyme enantioselectivity. The product might be obtained in highly pure form at a particular degree of conversion, provided that the reaction equilibrium is favorable 92 . The high enantiomeric excess is the advantage of enzymatic method, resulting from the inherent selectivity of the enzyme. The disadvantages of enzymatic resolution method are related to the number of parameters that must be optimized for the enzyme and the selectivity of the system is limited by the extent of conversion 92 .
Synthesis of various enantiomers by using lipases
Natural sulcatol 2 is a male aggregation pheromone of the ambrosia beetle, Gnathrotrichus sulcatus. The racemic mixture of sulcatol 2 is more active than the natural pheromone 93 . Large scale enzymatic resolution of racemic sulcatol 2 has been useful for stereoselective biocatalysis. The reaction was found to be fast and selective, using vinyl acetate as donor of acyl group and lipase from Candida antarctica CALB as catalyst. Sulcatol 2 reacted with vinyl acetate and hexane in the presence of CALB and sulcatol S -2 and acetate R -3 was produced after the mixture was purified by silica gel column chromatography using hexane or ethyl acetate as elutent 94 .
R --melonol is an alarm pheromone of ants of genus Crematogaster and Acanthomyops. The synthesis of optically pure 2,6-dimethyl-5-hepten-1-ol melonol has been achieved by lipase enzyme 67 Table 2 . Transacetylation of racemic melonol was achieved in anhydrous conditions using porcine pancreatic lipase PPL . The racemic mixture of melonol was reacted with vinyl acetate and hexane in the presence of porcine pancreatic lipase PPL to get the R -melonol. Candida cylindrica lipase CCL and Aspergillus niger lipase ANL were non-specific for this conversion, however porcine pancreatic lipase PPL exhibited a high degree of specificity at 10 with an enantiomeric excess of 94 .
The enantiomers of non-steroidal anti-inflammatory drugs of the aryl propionic class exhibit diverse pharmacological and toxicological properties. The therapeutic action of racemic mixtures of these drugs is mainly due to the S -isomers 101 106 . The substrate enantiomeric excess, for the Candida rugosa lipase catalyzed reaction at 96 hours and at water activity of 0.65, in n-heptane, isooctane, and n-nonane was found to be 40.9, 93.0, and 50.0 , respectively 77 . The S-enantiomer of flurbiprofen 2-fluoro-a-methyl-1,1 -biphenyl -4-acetic acid possesses most of its antiinflammatory action, but the presence of the R-enantiomer is reported to greatly enhance its gastrointestinal toxicity 107 . A later study reported that R-flurbiprofen is less potent as an analgesic than S-flurbiprofen, but it caused little toxicity in comparison to its antipode 108 .
This makes the resolution of the enantiomers of this drug particularly desirable. The lipase-catalyzed enantioselective esterification of racemic flurbiprofen has been reported 109 . The factors known to profoundly affect the reaction rate and enantioselectivity were found to be solvent hydrophobicity 110, 111 , water content or water activity 112 , and the type of lipase 104 .
CALB-displaying yeasts that can be produced easily by cultivation of yeasts are mostly preferred for synthesis of ethyl lactate and other compounds 113 . Ethyl lactate was synthesized only in water-saturated heptane, not in anhydrous heptane or in heptane containing 10 water. The minimized enzyme-bound water even in the case of biocatalysts seems to be essential for catalysis 114 .
The synthesis of enantiomeric ethyl lactate increased depending on temperature and reached approximately 74 at 50 . The L-ethyl lactate synthesis from ethanol and lactic acid using lyophilized CALB-displaying yeasts was carried out in water-saturated heptane at 30 97 . The reactions were optimized using different molar ratios of ethanol and L-lactic acid. It was observed that an excess of ethanol caused high reaction rates, whereas an excess of Llactic acid caused low reaction rates. However, in anhydrous heptane, ethyl lactate was not synthesized and in heptane containing 10 w/w water, L-ethyl lactate was not synthesized.
Efficient methods have been developed for resolving 1-2-thienyl alkanols with lipase B from Candida antarctica as catalyst 95 . The success of a process depends profoundly on the ability of the enzyme to select between the two enantiomers as expressed by the enantiomeric ratio E , which is the relative rate of reaction with the two enantiomers 92 . Compared to asymmetric synthesis, kinetic resolution has the benefit that a high enantiomeric excess can be obtained even with a moderate E-value. Candida antartica lipase B CALB is mostly used for the kinetic resolution of 1-2-thienyl ethanols and 1-2-thienyl propanol with high enantiomer excess. CALB provides high E-value for these alkanols. Vinyl butanoate is mostly used as acyl donor for kinetic resolution of these alkanols.
Advantages of enantiomers
Single enantiomer plays a significant role in enhancing drug discovery and development. Approximately 50 of marketed drugs are chiral, and of these approximately 50 are mixtures of enantiomers rather than single enantiomers 115 . The single enantiomer drugs can lead to simpler and more selective pharmacologic profiles and simpler pharmacokinetics due to different rates of metabolism of the different enantiomers. The S -albuterol, a β 2 -adrenergic receptor agonist for treatment of asthma, and S -omeprazole, which is a proton pump inhibitor for treatment of gastroesophageal reflux, have been shown to be superior to their racemic formulations in clinical trials 116 . Single enantiomers are more important than their racemic form, because some enantiomers in their racemic form are toxic. For example the S-enantiomer of flurbiprofen 2-fluoro-a-methyl-1,1 -biphenyl -4-acetic acid possesses most of its anti-inflammatory action but, if R-enantiomer is also present then it greatly enhances its gastrointestinal toxicity 107 .
Each enantiomer of chiral drug has its own particular pharmacologic importance, and may possess different properties than the racemic mixture of the same drug. When both a single-enantiomer and a racemic mixture of a drug are present, the information from clinical trials and clinical experience should be used to decide which is most appropriate.
Considerable effort is made to obtain optically, pure compounds, which are pharmacologically more active than its antipode. Profens is a class of non-steroidal anti-inflammatory drugs, active in the S -enantiomer form. Previously, lipase-catalyzed kinetic resolution method was used for the synthesis of pure S -ibuprofen via hydrolysis and esterification, respectively 73, 117 .
Lipases are also capable of catalyzing synthetic reactions, which has led to the production of life saving drugs. Efficient kinetic resolution methods are used for the preparation of optically active homochiral intermediates for the synthesis of nikkomycin-B which is a non steroid anti-inflammatory drugs naproxen, ibuprofen, suprofen and ketoprox . The potential anti-viral agent lamivudine and the enantiospecific synthesis of alkaloids, antibiotics, vitamins, and anti arteriosclerotic, anti tumour and anti allergic compounds are efficiently synthesized by kinetic resolution methods 118 .
Conclusion
Enantiomers can be produced through a process called transesterification using lipase, which is better than chemical catalysts because of the high efficiency and selectivity. The importance of chirality is considered in various areas s u c h a s p u r c h a s i n g o f a c t i v e p h a r m a c e u t i c a l ingredient,selection of adjuvants in dosage form development. The three major sources of enatiomerically pure compounds are chiral pool, asymmetric synthesis and kinetic resolution methods. Out of all these, kinetic resolution and asymmetric synthesis is most potent and important method for enantiomers synthesis. The advantage of the enzymatic method is the high enantiomeric excess, resulting from the inherent selectivity of the enzyme. Microbial enzymes are more stable than their corresponding plant and animal enzymes and their production is more convenient and safer. One main problem in the synthesis of enantiomers using lipases is their high cost of production. Therefore, immobilization of lipases, which allows their reusability, is necessary to make them more attractive for enantiomers synthesis. The single enantiomer drugs can lead to simpler and more selective pharmacologic profiles and simpler pharmacokinetics due to different rates of metabolism of the different enantiomers.
Acknowledgement
Authors are highly greatful to the Department of Biotechnology for providing all necessary facilities. We are highly thankful to CSIR for providing financial assistance to Mr. Kamal Kumar Bhardwaj.
Conflicts of interests
The author s declare s that there is no conflict of interests regarding the publication of this article.
